Abstract The experimental data for equilibrium oxygen content were used in order to extract increments of partial molar thermodynamic functions of oxygen with changes of oxygen stoichiometry in calcium manganite CaMnO 3−δ . It is shown that along with the oxygen exchange reaction, thermal excitation of Mn 4+ cations plays an important role in equilibration of charged manganese species that appear in response to the loss of oxygen at heating. The interrelation of partial molar enthalpy and entropy of oxygen with electron and ion defect formation parameters is obtained in approximation of the point defect model. The nearly linear changes of oxygen partial molar enthalpy are shown to directly reflect thermally driven changes in concentration of Mn 3+ cations.
Introduction
High values of electric conductivity, large thermopower and pronounced activity in oxidation reactions attract attention to perovskite-like manganites as materials of importance for use in fuel cells, thermoelectric devices and catalysis [1] [2] [3] [4] [5] [6] . The electron transport-related properties of the manganites are associated with the simultaneous presence in their structure of manganese cations in different charged states that appear in response to heterovalent doping and oxygen loss. One of the powerful tools to understand the ensuing defect structure in the manganites is the analysis of the plots of oxygen nonstoichiometry δ vs. oxygen partial pressure p O 2 at different temperatures T, the so-called p O 2 -Т-δ diagrams [7] [8] [9] [10] [11] [12] [13] [14] . For instance, it is shown that the equilibrium of manganese species in La 1−x А x MnO 3−δ at х ≤0.5 depends strongly on charge disproportionation reaction 2Mn 3+ =Mn 2+ +Mn 4+ [10, 11, 13, 14] .
The average oxidation state of manganese increases with doping and approaches 4+ at x =1 when oxygen pressure is sufficiently high. At near atmospheric or lower pressures, alkali-earth manganites are oxygen deficient, and it is widely accepted that electrical neutrality of the crystalline lattice in, e.g., СаMnO 3−δ , is entirely maintained due to partial reduction of manganese cations, Mn 4+ → Mn 3+ [15] . The respective p O 2 -Т-δ diagram for СаMnO 3−δ was obtained in [16] . The authors used experimental isotherms (3−δ) vs. log p O 2 for calculations of partial molar enthalpy ΔH O and entropy ΔS O of oxygen in СаMnO 3−δ at temperatures within 950-1050°С where the cubic structure is stable. More recently [17] , we carried out measurements of the p O 2 -Т-δ diagram at lower temperatures 700-950°С where all three known hightemperature modifications (orthorhombic, tetragonal and cubic) of СаMnO 3−δ can exist. The attempts proved unsuccessful to simulate the diagram based on the traditional assumption that only a reaction of oxygen exchange
takes part in equilibration of manganese species in oxygendeficient СаMnO 3−δ . On the contrary, a rather satisfactory description of the observed experimental data for oxygen
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non-stoichiometry variation with oxygen pressure and temperature can be achieved when the concomitant reaction
is taken into account [18] . This reaction gives rise to some amount of Mn 5+ cations in СаMnO 3−δ that depends on the ambient atmosphere. It follows from the respective analysis of the p O 2 -Т -δ diagram that the enthalpy and the entropy for defect formation reactions (1) and (2) in СаMnO 3−δ both depend on the crystalline structure. In particular, the calculated entropy for reaction (1) in the cubic phase occurs in good coincidence with the observed oxidation entropy of CаMnO 2.5 to CаMnO 3 at 950°С [19] . Additional confirmation to the viability of the defect model involving reactions (1) and (2) follows from a very good correspondence of the enthalpy for reaction (2) and the band gap E g obtained from DFT calculations of electron band structure in CаMnO 3−δ [20] . It is worth noticing here that reaction (2) of "charge disproportionation" reflects, in fact, thermal excitation of Mn 4+ cations and formation of t 2g holes (Mn
5+
) and e g electrons (Mn
3+
). Thermodynamic functions of oxygen, ΔH O and ΔS O , are known to be very sensitive to changes of oxygen content in the structure and, therefore, can provide rather detailed information on defect equilibria in non-stoichiometric oxides [21] [22] [23] [24] . Hence, the present work was aimed at calculation of partial molar thermodynamic functions of oxygen in CаMnO 3−δ from the earlier obtained experimental data [17] with the use of defect formation reactions (1) and (2) . The relation of the thermodynamic functions of oxygen with defect formation parameters is found, and it is shown that changes in ΔH O and ΔS O directly reflect development of reaction (2) at heating.
Results and discussion

Partial molar enthalpy and entropy of oxygen
The chemical potential of oxygen Δμ O (δ,T ) in CаMnO 3−δ relative to the standard state can be calculated from the pressure-dependent isotherms δ [17] as
is the chemical potential of molecular oxygen in the gas phase at 1 atm, and R is the gas constant. The tetragonal phase is known to occupy a relatively small region in the p O 2 -Т-δ phase diagram between the low-temperature orthorhombic and high-temperature cubic phases [15] . Consequently, the available experimental data for the tetragonal structure are quite scarce [17] . Therefore, further analysis is limited by the orthorhombic and cubic phases.
The treatment of the experimental data has shown that the plots Δμ O (δ,T) at permanent δ depend linearly on temperature both in orthorhombic and cubic modifications of CаMnO 3-δ , Fig. 1 . Hence, the partial molar enthalpy ΔH O and entropy ΔS O of oxygen can be obtained from the known thermodynamic interrelation
It is seen from the respective plots in Figs. 2 and 3 that the temperature variations of thermodynamic functions in CаMnO 3−δ lie practically within experimental errors. At the same time, the transformation of the crystalline structure is accompanied with considerable changes in ΔH O and ΔS O . This difference is quite expected because ΔH O and ΔS O both depend on enthalpy ΔH°and entropy ΔS°of the defect formation reactions [21, 25] . Therefore, the absolute values of 
where symbols μ°designate δ independent parts of chemical potentials of respective defects. Following [21] , we assume that interaction energies between the species entering reactions (1) and (2) are included in μ o . The configuration entropy S(conf) can be calculated as
where k is Boltzmann's constant and N is Avogadro's number. The chemical potential μ O of oxygen in CаMnO 3−δ can be obtained by partial differentiation of Eq. (5)
where
The application of Stirling's formula to Eq. (8) results in
where R=N·k is the gas constant. Combining the electrical neutrality
and the site conservation
requirements with the equilibrium constant for reaction (2) ); solid lines show results of calculations with the help of Eq. (22) at T= const. The empty squares show data [16] yields ∂n ∂δ
Then, the chemical potential of oxygen in CаMnO 3− δ follows from Eqs. (7) and (9) as
where s O (conf) is expressed as
Defect formation parameters and partial molar thermodynamic functions of oxygen
The changes of free Gibbs energy for reactions (1) and (2) are related with the chemical potentials of ions and defects
and
the joint use of Eqs. (14) and (16)- (18) results in
Recalling that the change of the free Gibbs energy ΔG j°i s related with the changes of standard enthalpy, ΔH j°, and entropy, ΔS j°, for respective reactions as
one can obtain the enthalpy and entropy contributions to Eq. (19) as Relations (21) and (22) can be employed in order to calculate changes in the molar thermodynamic functions with nonstoichiometry.
Calculation of partial molar thermodynamic functions
The values of ΔH Ox°, ΔS Ox°a nd ΔH D°, ΔS D°i n Table 1 (10)- (12) as
, and K D is the equilibrium constant for reaction (2) , which depends on temperatures as
The obtained isothermal plots for ∂n/∂δ exhibit a noticeable decrease with δ in both orthorhombic and cubic phases (Fig. 4) . The using of this result in Eq. (21) may help in the understanding of the origin of approximately a linear increase of ΔH O with oxygen content in СаMnO 3−δ (Fig. 2) . The calculated results for configuration entropy, Eq. (15), are shown in Fig. 5 . The variations of s O (conf) are relatively small in the cubic phase. At the same, the configuration entropy is seen to progressively decrease in the orthorhombic phase at δ → 0. The partial molar enthalpy ΔH O and entropy ΔS O of oxygen in СаMnO 3−δ can be calculated from Eqs. (21) and (22) According to Eqs. (13) and (15), the concentration of manganese species n, g, and p, and oxygen deficiency δ, depend on temperature which, in turn, results in a weak temperature dependence of calculated values for ΔH O and ΔS O . These small temperature variations lie within experimental uncertainties so that experimental values in Figs. 2 and 3 can be considered as average over studied limits of temperature. The stronger δ dependence of ΔH O in the orthorhombic than in the cubic phase (Fig. 2) is indicative of respectively faster variations of ∂n/∂δ in the orthorhombic structural modification of СаMnO 3−δ .
Conclusions
The chemical potential of oxygen in CаMnO 3−δ relative to the standard state is calculated from the experimental p O 2 -Т-δ diagram. The partial molar enthalpy ΔH O and entropy ΔS O of oxygen is obtained from the linear plots of Δμ O (δ,T) vs. temperature. The partial thermodynamic functions of oxygen in CаMnO 3−δ are found to depend on non-stoichiometry and crystalline structure. The interrelation of partial molar thermodynamic functions of oxygen with defect formation parameters is found based on thermodynamic analysis of defect equilibrium in CаMnO 3−δ . The good coincidence of experimental and calculated values for partial molar thermodynamic functions demonstrates applicability of the ideal solution approximation for description of electron defects and oxygen vacancies in CаMnO 3−δ . It is found that the concentration of Mn 3+ cations significantly depends on solid-gas phase oxygen exchange and intrinsic reaction of thermal excitation of Mn 4+ cations. As a result, the partial molar enthalpy and entropy of oxygen in CаMnO 3 − δ both occur to strongly depend on nonstoichiometry.
